An injection molded plastic micro tip array was fabricated. First, an inversed conical hole with a sharp tip and a high aspect ratio was fabricated by irradiating a low power output Nd:YVO 4 -SHG laser beam for several milliseconds on Au nanoparticles dispersed ethylcellulose. Then, an epoxy micro tip array was fabricated by the cast method using the inversed conical hole as a mother structure. This was followed by nickel electroforming to make a nickel-mold mother. Finally, plastic injection compression molding was carried out to form the final plastic micro tip array. By optimizing several processing parameters, a polyethylene micro tip array with a height of about 100 µm and a diameter of about 50 µm was successfully realized.
Introduction
Recently, a micro tip fabricated by the MEMS technique has been intensively researched as a target for biomedical applications such as neural measurements (1)- (3) , drug delivery systems (4)- (6) and hemanalysis (7) (8) . A hollow micro tip is expected to perform the collection of blood samples and drug delivery with less pain and tissue damage than a conventional syringe needle. On the other hand, a solid micro tip can be also used for transdermal drug delivery. In this application, a micro tip array coated with drug solution is punched into the outer layer of the skin, and the drug is dispersed efficiently into the body because the punched holes increase permeability (5) .
Two types of micro tips have been researched. One is an in-plane type fabricated with planar technology. A hollow micro tip with a length from 1 to 7 mm and a diameter from 30 to 200 µm using boron doped silicon in EDP and anisotropic etching of silicon have been reported (9) (10) . The other type is an out-of-plane type that has many micro tips perpendicular to a substrate. For example, micro tip arrays were fabricated from single crystalline silicon using the reactive ion etching microfabrication technique (RIE) (4)(5)(11) (12) . The arrays consist of 400 micro tips on a 3 mm square substrate. Each micro tip has a length of 150 µm, a diameter of 80 µm and a tip radius of less than 1 µm.
Although the above approaches have relied on a silicon micromachining technique, a plastic micro tip array produced by a plastic injection molding technique is preferable for the applications mentioned above because of its low cost and because it can be mass produced. For the purpose of plastic injection molding, the out-of-plane type of micro tip is more appropriate than the in-plane type for realizing a higher density micro tip array in which the de-molding step of the molded plastic microstructure array is assured. Although silicon micromachining can be utilized as a method for making a mold insert for the out-of-plane type micro tip, rather complicated processes are required to realize a microstructure with a sharp tip radius. Since a photomask is necessary for each prototyping with different pattern and expensive equipments are necessary for fabrication such as etching of Si which uses a poisonous reagent and gas, these processes have typically resulted in a longer processing time and higher processing cost to produce a micro tip.
As a simple fabrication process, the laser processing technique has been used for the fabrication of microstructures such as the microchannel of µ-TAS and the lab-on-chip (13) . In this process, tip length can be increased only by controlling the laser processing condition. However, a high power output laser in the range of W was required to process the material. In contrast, the polymer machining technique developed by the authors, which utilizes nanoparticles dispersed polymer resist, make it possible to fabricate microstructures with a high aspect ratio using a low power output laser on the order of mW (14) . This process is small and low-cost because low power laser can be used due to use of nanoparticles dispersed polymer. In this technique, a hole with an inversed conical shape and a sharpened point at the bottom is fabricated by irradiating the material surface using a focused laser beam for a few milliseconds. The processing progresses at high processing rate using neither a poisonous reagent nor the gas.
In this paper, the fabrication steps of a plastic solid micro tip array utilizing laser micromachined Au nanoparticles dispersed polymer, epoxy molding, nickel (Ni) electroforming and injection molding is proposed as a suitable approach for low-cost mass production. Furthermore, optimization of the laser processing condition and the final injection molding condition for solid micro tip array fabrication are reported. Figure 1 shows a fabrication process of a micro tip array using laser micromachining of Au nanoparticles dispersed polymer followed by the micromolding technique. In the experiment, Au nanoparticles with average diameter of about 3 nm (Perfect Gold, Vacuum Metallurgical Co., Ltd., Tokyo, Japan) produced by the * Mitsuboshi Belting Ltd.
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4-1-21, Hamazoe-dori, Nagata-ku, Kobe 653-0024, Japan ** Kyoto University, Yoshida Honmachi, Sakyo-ku, Kyoto 606-8501, Japan Paper gas evaporation technique and ethylcellulose (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were utilized for nanoparticles and the polymer matrix, respectively. Au nanoparticles dispersed ethylcellulose paste was prepared by mixing the ethylcellulose dissolved p-xylene and Au nanoparticles. In order to process a very deep hole, a polymer disk with a thickness of 400 µm and a diameter of 20 mm was prepared by applying the compression molding technique to a powder made by frozen paste pulverization. A mold temperature of 145ºC and a compression pressure of 3×10 7 Pa were used. The cross-sectional shape of a laser-processed polymer strongly depends on the Au concentration and the intensity of the irradiated laser beam (14) . Based on the results of a previous experiment in which a line and space pattern intended to realize high aspect ratio microstructures was used, an Au concentration of 17 wt.%, which showed the best aspect ratio, was chosen. Figure 2 shows the configuration of the laser microfabrication system using an Nd:YVO 4 -SHG laser (GCL-050-S, CW, wavelength of 532 nm, CrystaLaser, USA), which has a wavelength near the plasmon resonance absorption peak for Au nanoparticles. The system is small and low-cost since the output power of the laser is 55 mW, and no laser cooling device is needed. The laser beam was focused on a polymer with an objective lens with a magnification of 10 and a numerical aperture of 0.25. The focal position was controlled by a Z stage. In this paper, downward movement of the Z stage is denoted as a plus sign, and the Z position at which the beam focus is on the polymer surface was set to zero as shown in Fig. 2 . The intensity of the irradiated laser beam was adjusted within the range from 0 to 55 mW using an ND filter, and the irradiation time was maintained in the range from 8 to 2000 milliseconds with a mechanical shutter. The 20×20 array of holes (spacing of 200 µm) was micromachined in the polymer by controlling the laser beam position with a programmable moving X-Y stage and by controlling the irradiation time ( Fig. 1 (a) ). The calculated minimum diameter of the focused laser beam was 8 µm, and the incident angle 2θ was 5x10 -4 rad. A hole profile was evaluated by measuring the diameter (W), depth (D) and height (H) using scanning electron microscopy (SEM). Figure 3 schematically shows a cross-sectional shape of the processed polymer (left) and that of the tip (right) with measurement parameters.
Laser Micromachining
Epoxy Molding
In order to achieve a conical shape structure, epoxy (AW106, Nagase Chemtex Corporation, Osaka, Japan) resin was molded on the laser micromachined polymer and was hardened for 24 hours at room temperature. Subsequently, epoxy resin was annealed at 80ûC for 2 hours ( Fig.1 (b) ). Since epoxy resin has a high chemical resistance for reagents, it is a suitable material for the following electroplating step. In order to avoid damage to the duplicated sharp tip by the mechanical de-molding step, the laser micromachined polymer was dissolved 
Electroforming
An Au seed layer with a thickness of 0.1 µm was evaporated on the epoxy mold surface, and subsequent electroforming of Ni was performed using a nickel sulfate bath at a current density of 1.4 A/dm 2 and a bath temperature of 45ûC for 150 hours (Fig. 1 (c) ). The composition and conditions of the electric bath are shown in Table 1 . The electroforming Ni mold with a thickness of approximately 1 mm was removed from the epoxy mold, and its backside was polished.
Injection molding
The fabricated Ni mold was mounted on the injection molding insert, and the injection molding of the plastic micro tip array was performed using an injection molding machine (SH-75, Sumitomo Heavy Industry Ltd., Tokyo, Japan) with a mold clamping force of 75 tons ( Fig. 1  (d) ). A crucial juncture of the injection molding process of a microstructure with a high aspect ratio is assuring that the molten material penetrates into the micro void in the mold, namely the micro tip, by keeping the molten material temperature higher than the melting point of the injected material (15) . However, the viscosity of the molten material tends to increase because it is cooled down rapidly due to the heat transfer between it and the mold insert. One approach by which this problem could be addressed is to use a higher mold temperature. However, the processing time becomes longer with this approach since the mold must be cooled down from near the melting point of the polymer before de-molding. When the injection was done using a high flow rate, it was possible to fill the mold pattern with molten material before the molten material cooled down. However, the availability of this method depended on the performance of the injection machine. In this paper, two types of standard injection molding processes shown in Fig. 4 were carried out.
In this study, the duplicate accuracy of the micro tip was compared between injection compression molding and the normal injection molding processes. The top illustrations in Fig. 4 show the normal injection molding process by which the molten material was injected into the mold after the mold was closed. In the injection compression molding shown in the bottom illustrations in Fig. 4 , the molten material was injected into the mold with the mold in a slightly open condition at the beginning of the process; the mold was subsequently closed, and the molten material was compressed into the mold. Injection compression molding method is widely used to produce CD and DVD disk with microstructure. However, the aspect ratio of structure in these applications is small in comparison with a micro tip. Since a shorter injection cycle time and a uniform injection pressure in the mold can be achieved by this approach, the duplication performance in also micro tip is expected to be improved in comparison with that of the normal injection molding process as well as CD disk production.
In the experiment, the material chosen was polyethylene (Hi-zex 2200J, Mitsui Chemicals, Inc., Tokyo, Japan), which has a melting point of 135ûC. The cylinder temperature was set to 210 ûC. This temperature was set above the softening and melting temperatures of commonly used thermoplastics to assure that this process would be applicable to most thermoplastics. The injection flow rate was varied from 34 to 102 mL/sec. The fabricated microstructure's shape was compared with that fabricated by the normal injection molding process. Table 2 summarizes the Figure 5 shows the dependency of the cross-sectional shape of the processed hole in the polymer with an Au concentration of 17 wt.% on the irradiation times from 8 to 2000 milliseconds and the focal positions of -500 µm, zero and +500 µm. The intensity of the irradiated laser beam was 55 mW. By defocusing the laser beam, the diameter was increased and the depth was decreased, and the conical hole was processed in the polymer in this way. From this result, it was confirmed that the angle of the sidewall and the shape of the tip could be controlled by focal position and irradiation time.
Results and Discussion
Laser Micromachining Condition
In order to confirm the detailed dependency of the hole diameter and depth on the laser processing conditions, the diameter and depth of the processed hole were measured under It was confirmed that the conical hole with a sharp tip could be processed with an irradiation time below 125 milliseconds and focal positions of -500 and +500 µm. From these results, we concluded that both focal positions can be used for production of micro tip. The reason that the cross-sections of the processed hole were nearly identical for opposite defocusing directions (plus and minus) was discussed. R. W. Olson et al. reported the dependency on the defocusing direction of laser-drilled profiles in alumina composite polymer (16) . According to their report, when the beam waist was above the polymer surface, the hole profile had a steep sidewall and broad tip, since the beam spot size at the exposed surface increases as the processing progresses, but the high temperature region does not decrease rapidly due to thermal diffusion from the surrounding area ( Fig.7-c) . Conversely, when the beam waist was below the polymer surface, the processed radius decreased rapidly with increases in the processed depth due to decreases in the beam waist at the exposed surface ( Fig. 7-a) . From careful observations of Fig. 5 , it was confirmed that the tip profiles at the same irradiation times between the focal positions of -500 and +500 µm were slightly different. The shape in the part of hole bottom at the irradiation time of 8 ms was different. The tendency of the shape difference was the same as in the results of R. W. Olson et al. (Fig. 7 ), but the difference due to the defocusing direction was smaller than in their results. Qualitative consideration of this discrepancy suggested that the reason for it was as follows. The thermal diffusivity of Au nanoparticles dispersed ethylcellulose (8×10 -8 m 2 /s) is 0.04 % of that of alumina composite polymer (2×10 -6 m 2 /s) (16) . The thermal diffusivity of Au nanoparticles dispersed ethylcellulose was calculated from the volume ratio, volume heat capacity and thermal conductivity of Au and ethylcellulose. Because of this small thermal diffusivity, laser-irradiated Au nanoparticles dispersed ethylcellulose shows a sharper temperature distribution on the processed surface and has less of an effect of heat diffusion than the alumina composite polymer. Therefore, a steep sidewall and broad tip are not expected when the beam waist position is above the polymer surface.
Epoxy Micro Tip Array
Using the processed Au nanoparticles dispersed polymer, epoxy molding was carried out. Figure 8 shows a duplicated epoxy micro tip array using the processed polymer with a focal position of +500 µm and an irradiated laser beam intensity of 55 mW, and with irradiation times of 125 milliseconds ( Fig. 8-a) , and 30 milliseconds ( Fig.  8-b ). The heights of the micro tip were approximately 149 and 108 µm for the 125 and 30 millisecond irradiation times, respectively. The diameters of the micro tip were approximately 53 and 50 µm for the 125 and 30 millisecond irradiation times, respectively. The results clearly showed that a microstructure with a sharp tip radius was successfully fabricated using laser micromachining of nanoparticles dispersed polymer and the epoxy molding technique.
Plastic Micro Tip Array by Injection Compression
Molding Figure 9 shows the polyethylene micro tip array replicated by injection compression molding. A Ni mold produced from an epoxy mold with a height of 108 µm ( Fig.8-b ) was used as an injection mold insert. The injection molded tip fabricated by the flow rate of 68 mL/sec had a sharper tip than that fabricated at the flow rate of 34 mL/sec. The height and diameter were 95 and 48 µm, respectively. The height of the injection molded tip ( Fig. 9  -b ) was slightly shorter than that of the epoxy mold ( Fig. 8-b ) due to shrinkage of the polyethylene used as the mold material. The shrinkage ratio of the height, as estimated by a coefficient of linear expansion of polyethylene and the temperature difference between 210ûC and the room temperature (22ûC), was about 7 %. But, it is thought that the other factor such as residual air in cavity is existed, because the difference between the height difference and calculated shrinkage was about 5%. On the other hand, in the normal injection molding, the duplication in the part of the tip was insufficient, as shown in Fig. 10 . Figure 11 shows the dependency of the height of the injection molded tip on the flow rate for injection molding and injection compression molding. The higher tip heights were realized under every flow rate range by using injection compression molding. From these results, the validity of the injection compression molding for the purpose of fabricating a plastic micro tip array was confirmed.
As shown by the dashed line in Fig. 11 , it was anticipated that the height of the injection molded micro tip would approach 108 µm with increases in the flow rate. However, the measured results showed a maximum height at around 70 mL/sec. The reason for this discrepancy between the prediction and the results was considered to be the following. In the experiment, we observed the opening of the mold at the flow rate of 90 and 102 mL/s in injection molding. From these result, at the flow rates of 90 and 102 mL/sec, the injection pressure was decreased due to leakage between the top and bottom molds. Since insufficient filling of the mold occurred due to this leakage, the height of the injection molded micro tip in the higher flow rate region was lower than predicted.
Conclusion
A plastic micro tip array was fabricated using the injection compression molding technique. The mold for the injection molding was produced using laser micromachining of Au nanoparticles dispersed polymer as well as molding and electroforming. In this process, in order to produce a tip with a high aspect ratio and a sharpened tip, the laser micromachining conditions (the focal position and irradiation time of the laser beam) were optimized. Moreover, we demonstrated that the injection compression molding was useful for forming the microstructure, and that the polyethylene micro tip array was successfully fabricated using this method. In future work, a solid micro tip made from a biodegradable polymer with mechanical Fig. 8 . The duplicated epoxy micro tip array using processed polymer with the focal position of +500 µm, the intensity of irradiated laser beam of 55 mW, the irradiation time of 125 ms (a) and 30 ms (b) Fig. 9 . SEM images of the polyethylene micro tip array fabricated by injection compression molding. The injection flow rate was 34 (a) and 68 mL/sec (b) robustness will be fabricated using injection compression molding, and its mechanical properties as a needle will be measured. 
